We have investigated the spatial and spectral characteristics of mid-infrared thermal emission from large area Chemical Vapor Deposition (CVD) graphene, transferred onto SiO 2 /Si, and show that the emission is broadly that of a grey-body emitter, with emissivity values of approximately 2% and 6% for mono-and multilayer graphene. For the currents used, which could be sustained for over one hundred hours, the emission peaked at a wavelength of around 4 μm and covered the characteristic absorption of many important gases. A measurable modulation of thermal emission was obtained even when the drive current was modulated at frequencies up to 100 kHz. C One of the many distinguishing features of graphene is its ability to sustain extremely large current densities of, for example, approximately 10 9 A/cm 2 in nanoribbons 1 and 10 7 A/cm 2 in micron sized wires fabricated from graphene grown by chemical vapor deposition (CVD), 2 which compares to the values of ∼100 A/cm 2 in a conventional 100W tungsten filament light bulb. Although this makes it attractive for potential use as an incandescent source, 3 thermal emission from graphene has primarily been used over the last few years as a means of probing the electronic structure of graphene transistor devices under bias. [4] [5] [6] [7] However, there is a continuing need for the development of new infrared sources to enable low cost, intrinsically safe, portable infrared gas sensors for applications such as mine safety. Most existing infrared (IR) sensors use conventional incandescent sources which have several shortcomings including slow response time, limited wavelength range (due to the glass envelope of the source), limited lifetimes due to the fragility of the source, relatively high power consumption, and a requirement for explosion proof housings to prevent the source from igniting flammable gases that may be present. These disadvantages have proved an impediment to infrared sensors replacing existing sensor technologies in the installed base of sensors (such as electrochemical cells). An alternative to conventional incandescent sources are microelectromechanical systems (MEMS) silicon thermal emitters, 9 which arose from work developing bolometer detectors. However, these components still have a relatively slow response time (maximum modulation frequencies of ∼100Hz). Semiconductor light emitting diodes (LEDs) 10 offer advantages in terms of modulation speed, but it is only in the last decade or so that room temperature operation at IR wavelengths has been demonstrated. These LEDs also suffer from a poor radiative efficiency (the amount of electrical power converted into optical power) which is partly limited by non-radiative Auger recombination.
11 This is an intrinsic process which depends on the carrier concentration and therefore becomes increasingly important as the semiconductor bandgap is narrowed to obtain emission in the mid-infrared. In combination with the relatively high refractive index of the narrow band semiconductors used to fabricate these LEDs, which limits the number of generated photons escaping the device, 12 the overall efficiency of mid-infrared LEDs is relatively low. based LEDs described by Nash et al 12 was approximately 0.02%. A much higher WPE of 0.15% has recently been reported in interband cascade light emitting devices with peak emission at 3.3 μm, 13 but this is still much lower than in LEDs operating at shorter wavelengths.
In this paper, we investigate the thermal emission from large area graphene (mono-and multilayer) and demonstrate that its extraordinary electrical conductivity, coupled with its low thermal mass (approximately three orders of magnitude smaller even than a typical silicon cantilevers), offers the prospect of developing a new generation of high frequency infrared sources.
Devices were fabricated from pre-transferred monolayer and multilayer graphene (obtained from Graphene Square and Graphene Supermarket) on 300 nm thick SiO 2 , with a highly doped Si substrate. Large 0.5 mm × 0.6 mm areas of graphene were defined using electron beam lithography and an O 2 /Ar reactive ion etch, and Cr/Au (7/70 nm) source and drain contacts, 0.6 mm long and 0.2 mm wide, were deposited on top of the graphene using thermal evaporation, leaving an exposed graphene area of 0.5 mm × 0.5 mm. A microscope image of the monolayer device is shown in Fig. 1(a) . After deposition of the contacts, multiple Raman spectra were taken using a 100 mW 532 nm continuous wave laser, from a number of different points, to confirm the nature and uniformity of the graphene, with the average of the measured spectra shown in Fig. 1(b) . A closer examination of the 2D peaks confirms the symmetrical characteristic associated with monolayer graphene, 14, 15 and implies that the multilayer graphene contains 3-6 layers. 16 The devices were mounted on ceramic chip holders and placed in a vacuum chamber, with a CaF 2 window for optical access, which was evacuated to ∼10 −5 mbar. Two terminal current-voltage measurements were made at room temperature, using a pulsed DC current source. Resistance values at a low source drain current of 1mA of 1750 / and 1300 / were calculated for the monolayer and multilayer devices respectively (the resistances due to contacts and measurement leads were assumed to be negligible). These values are typical of those obtained from CVD graphene. 17 Measurements of the resistance immediately after optical characterisation had been performed, during which large currents were used and the devices became hot, yielded a lower resistance of 1560 / in the monolayer graphene device and higher a resistance 1540 / in the multilayer device. Such resistance quenching with increasing temperature has previously been observed in both single, and bilayer graphene interconnects 18 and is thought to be due to the thermal generation of electron-hole pairs and carrier scattering by acoustic phonons. The higher resistance observed in the multilayer sample with increasing temperature is as one would expect for a conventional semi-metal.
Spectral and thermal emission mapping measurements were performed using a Keithley 6221 current source with devices driven typically by a 1 kHz square waveform (50% duty cycle), at peak injection currents of tens of milliamps. For mapping measurements, the thermal emission was collected using a 15x reflecting objective lens (Numerical aperture = 0.28) and focused, using a CaF 2 lens, onto a liquid nitrogen cooled HgCdTe detector, with a 2-12 μm response. The reflecting objective, CaF 2 lens and detector were mounted on a xy-stage and the spatial variation of the thermal emission was measured by scanning the microscope system over the device. The signal from the detector was amplified by a low noise preamplifier, and passed to a lock-in amplifier for phase sensitive measurement. The measured spatial variation of the thermal emission from the mono-and multi-layer devices for peak currents of 44mA and 52mA, and under zero gate bias, respectively are shown in Figures 2(a) and 2(b) , respectively. The emission from the monolayer device is dominated by a single large hot-spot, similar to that previously observed in micron-scale exfoliated graphene devices, [3] [4] [5] [6] [7] and also in large area CVD devices, 8 where the thermal emission is dominated by Joule heating governed by the charge distribution along the channel. In this case given the symmetrical nature and scaling of the emission we estimate the hotspot to be approximately half-way between the source and the drain contacts. Although a relatively high gate leakage in this particularly device prevented the position of the hot-spot being moved as a function of gate bias, corresponding to a movement of the Dirac point, we were able to move the hotspot on other similar large area devices. This confirms that these large area devices retain the characteristic nature of graphene. 8 In contrast to that obtained from the monolayer, the emission from the multilayer device occurs more uniformly over the whole exposed area, consistent with a uniform channel resistance. This behavior is typical of a relatively long conventional filament supported by two colder supports, suggesting that for these purposes the multilayer device can be thought of this way. The magnitude of the emission at each 'hot-spot' demonstrates an approximate dependence on the current squared, indicative of a Joule heating mechanism. Finally, in both cases the thermal emission extends approximately only over the area of the graphene. As the magnitude of the signal corresponds to the difference between the thermal emission when the current is on and off, this suggests that it is only the temperature of the graphene which changes on the timescales defined by the current pulses in the timescales defined by the length and period of the current pulses.
Emission spectra were collected using a Jobin-Yvon iHR550 grating spectrometer, together with a cooled HgCdTe detector, with a 2-12 μm response. Devices were driven with 50% duty cycle 1 kHz square waves (pulse length ∼ 0.5 ms), with peak currents of 44mA and 60mA for the monolayer and multilayer devices respectively, in order to give approximately equal power densities. The signal from the detector was again amplified by a low noise preamplifier, and passed to a lock-in amplifier for phase sensitive measurement. Spectra were collected over the 2 to 10 μm range by combining data from that obtained using two different diffraction gratings: a 4 μm blazed (300 lines per mm) grating for the 2-6 μm region, and an 8 μm blazed (150 lines per mm) for the 4 to 10 μm range. In the Fig. 3(a) the raw emission spectra in the 2-6 μm range are shown for the two devices, together with that obtained from a blackbody calibration source set to a temperature of 673 K. The shape of the emission spectra is very similar in all cases, with a peak in emission at approximately 4 μm, suggesting that emission from the graphene devices corresponds broadly to that of a grey-body. The large dip in emission at approximately 4.2 μm is due to CO 2 absorption, whereas absorption by water will affect the spectra at wavelengths smaller than ∼3 μm, and greater than ∼5 μm. The maximum intensity of the emission from the blackbody source is approximately 32 times greater than that obtained from the multilayer device, which is in turn approximately three times that of the monolayer emission. Due to the similarity of the emission spectra, and taking the emissivity of the blackbody calibrator to be 0.95, the difference in measured intensities allows an estimate to be made of the emissivity of the monolayer and multilayer graphene, yielding values of approximately 2% and 6% respectively. This is in good agreement with the measured absorbance of α = 2.3% for monolayer graphene 19, 20 and with the emissivity value of 1.6 ± 0.8% extracted from thermal emission measurements on monolayer graphene by Freitag et al. 6 As the emissivity is expected to increase linearly with the number of layers in a multilayer device, this also suggests that the thick multi-layer device consists of approximately three layers. To correct for the efficiency of the spectrometer grating, the detector response and absorption by CO 2 and water in the atmosphere, the spectral measurements were calibrated using the 673 K blackbody source, and calibrated emission spectra are shown in Figs. 3(b) and 3(c) for the monolayer and multilayer devices respectively (note that Savitzky-Golay smoothing was applied to the measured data). At the drive currents used, the emission covers the part of the spectrum where many important gases, including carbon dioxide and nitric oxide, have their characteristic absorption. The total integrated emission was 7.7 mW/cm 2 and 22 mW/cm 2 for the mono-layer and multi-layer samples respectively, yielding a maximum wall plug efficiency of approximately 0.001%. However, it's likely that this efficiency can be improved simply by optimizing the number of graphene layers and the geometry of the devices.
Calculated spectra are also shown in Figs. 3(b) and 3(c) . As the signal measured on the lock-in amplifier again corresponds to the difference between the thermal emission when the current is on and off, the calculated spectra were obtained by calculating the difference between two grey-body curves, one corresponding to emission from the hot graphene when the current is on, and the second corresponding to the cooler background temperature of the underlying silicon dioxide/silicon when the current is off, consistent with the mapping measurements. Values of 2%, 6% and 6% were taken for the emissivity of the monolayer, multi-layer, and silicon respectively, 21 yielding temperatures of the graphene and background silicon chip of 600 K and 350 K for the monolayer, and 620 K and 480 K for the multilayer devices (as the currents are applied for many hours during measurements, the silicon substrate reaches an equilibrium background temperature). Note that we are assuming that the graphene emitting area reaches equilibrium with the underlying substrate when the current is off, but further work would be needed to confirm this. Over much of the wavelength range there is good agreement between the measured data and calculations, which are relatively simple and not designed to be a fit to the data, confirming that the emission from both devices is primarily that of a grey-body (it is unclear why the calculations and measurements agree less well over the 7-10 μm region).
To gain insight into the modulation frequencies at which a graphene based emitter could be driven; the emission from the devices was measured as a function of the drive current frequency, as shown in Figure 4 (where the measured signals have been normalized to that obtained at 1 kHz). Note that in previous studies [4] [5] [6] either continuous currents, or pulsed currents at a fixed frequency, have been used to heat the graphene. In our frequency measurements, the emission was measured via the spectrometer, but using a mirror rather than a diffraction grating. As before, the signal measured on the lock-in amplifier again corresponds to the difference between the thermal emission when the current is on and off. For both devices, there is still a measurable signal up to 100 kHz, corresponding to a pulse width of 5μs, which is the frequency limit of the current source. At frequencies above 20 kHz, the rate of decrease of the intensity is smaller for the monolayer sample compared to that of the multilayer sample, which could perhaps reflect the difference in thermal mass between the two. This switching is much faster than typical MEMS based emitters. 22 To investigate the mechanisms limiting the speed of modulation in these devices, the effect of increasing the modulation frequency of the applied current was modeled using COMSOL finite element software. A 2D joule heating model of the multilayer device was constructed, with gold contacts connecting a thin (5 nm) graphite layer sitting on top of 300 nm of SiO 2 and a 500 μm of doped Si. A current of 0.6A was applied as a square function (50% duty cycle), to give a current density similar to that in the real devices, at frequencies ranging from 1 kHz to 100 kHz. In this case, we have assumed that the base of the silicon substrate remains at room temperature, that there is no convection or radiation (due to the very low emissivity), that there is no thermal barrier between the graphite and the SiO 2 , and that the material properties are constant and not a function of temperature or pressure. Material properties were also assumed to be isotropic except for thermal conductivity, which was assumed to be anisotropic with an in-plane thermal conductivity equal to that of graphene 23 and an out-of-plane thermal conductivity equal to that of pyrolytic graphite along the c-axis. 24 Peak temperatures of the graphite layer during the 'on' and 'off' state of the current were calculated (688 K and 382 K respectively at 1 KHz) as a function of frequency, and these values were then used to first calculate the emitted spectra, and then the expected measured intensity (taking into account the detector response, and also that the measured signal is the difference between the "on" and "off" states). The calculations show that the peak emission of the emitting area shifts from 4.2 μm at 1 kHz to 5.9 μm at 10 kHz and 7.3 μm at 100 kHz. At low frequencies, there is good agreement between the calculated and measured change in intensity, the steep initial decrease reflecting the fact that a small decrease in the temperature of the emitting area (which in the simulations is 489 K at 10 KHz) leads to a large decrease in the emission due to the latter's dependence on the temperature to the power four. At high frequencies, the calculated values show a much smaller decrease than those measured. It is unclear at this stage whether this difference is due to the inherent response of our measurement system, or whether some of the assumptions in the modeling (e.g. that there is no thermal barrier between the graphite and SiO 2 ) and further work is underway to investigate this. However, the low thermal time constant of graphene transistors calculated previously 25 suggests it will be possible to obtain higher intensities at high frequencies through electrical and thermal management.
In conclusion, we have investigated the characteristics of thermal emission from large area graphene devices and have shown that emission is broadly that of a grey-body emitter, with emissivity values of approximately 2% and 6% for mono-and multi-layer graphene. For the currents used, which could be sustained by the devices for over one hundred hours, the emission peaked at a wavelength of around 4 μm and covered the characteristic absorption of many important gases. A measurable thermal emission was obtained even when the drive current was modulated at frequencies up to 100 kHz. In combination, these demonstrate the feasibility of developing a graphene based midinfrared light emitting device, which could be more cost effective and sustainable to manufacture than either silicon MEMs or compound semiconductor based alternatives. Further work is now underway to investigate methods of increasing the potential modulation speed and of increasing the emissivity of the emitting area.
